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Jean Krutmann1 and Peter Schroeder1
The exact pathogenesis of photoaging of the skin is
not yet known. Earlier, a number of molecular path-
ways explaining one or more characteristics of
photoaged skin have been described, but a unifying
mechanistic concept is still missing. Here we propose
the ‘‘Defective Powerhouse Model of Premature Skin
Aging’’, which reconciles most of the earlier con-
ducted research as one concept. In this model, the
persistence of UV radiation-induced mtDNA deletions
or the infrared radiation-induced disturbance of the
electron flow of the mitochondrial electron transport
chain leads to inadequate energy production in
dermal fibroblasts. As a consequence of this defective
powerhouse, retrograde mitochondrial signaling
pathways are triggered that then they transduce
functional and structural alterations in the skin. This
model, which is supported by a growing number of
recent studies, is of direct clinical importance in
preventing and treating photoaging in human skin.
Journal of Investigative Dermatology Symposium Proceedings (2009) 14,
44–49; doi:10.1038/jidsymp.2009.1
INTRODUCTION
Among all environmental factors, solar radiation is the most
important in premature skin aging, a process that is also
termed photoaging (Krutmann and Gilchrest, 2006). In recent
years, substantial progress has been made in elucidating its
underlying molecular mechanisms. From these studies it is
now clear that UVB (290–320nm), UVA (320–400nm), and
near-infrared (IRA; 760–1,400 nm) radiation contribute to
photoaging (Krutmann and Gilchrest, 2006; Schroeder et al.,
2006). UV radiation-induced changes at the level of the
dermis are best studied and seem to be largely responsible for
the phenotype of photoaged skin. It is also generally agreed
that UVB acts preferentially on the epidermis, in which it not
only damages DNA in the keratinocytes and melanocytes,
but also leads to the production of soluble factors, including
proteolytic enzymes, which then in a second step affect the
dermis (Fisher et al., 1997). Longer wavelengths, UVA and, in
particular, IRA radiation penetrate more deeply and exert
direct effects on both the epidermal and dermal compart-
ments (Figure 1).
The exact mechanisms, by which UVB, UVA, and IRA
radiation cause premature skin aging are not yet clear. A
number of molecular pathways explaining one or more of the
key features of photoaged skin have been identified
(reviewed in (Krutmann and Gilchrest, 2006)), but a unifying
concept linking the different mechanisms and molecular
targets is still missing. Critical questions that remain to be
answered are: Which of the currently known mechanisms are
of primary importance and responsible for inducing others?
Which characteristics of photoaged skin are merely epiphe-
nomina, and to what extent are they causally related to
premature skin aging?
The current state of knowledge does not allow these
questions to be answered in a definitive manner. On the basis
of recent research conducted by us and others, however, we
propose a concept termed the ‘‘Defective Powerhouse Model
of Premature Skin Aging’’, which can reconcile most of the
earlier conducted research in one model. This concept is
based on the hypothesis that solar radiation-induced damage
to mitochondria in skin fibroblasts is of key importance in the
pathogenesis of the photoaging of human skin.
THE MITOCHONDRIAL THEORY OF AGING
Mitochondria are organelles whose main function is to
generate energy for the cell. This is achieved by a multistep
process called oxidative phosphorylation or the electron
transport chain (ETC). Located at the inner mitochondrial
membrane are five multiprotein complexes that generate an
electrochemical proton gradient used in the last step of the
process to generate ATP (adenosine triphosphate) from ADP
(adenosine diphosphate). To do this, the multiprotein com-
plexes translocate electrons, eventually delivering them to
molecular oxygen. This process is not completely error-free
and misdirection of electrons ultimately leads to the
generation of reactive oxygen species (ROS), making the
mitochondrion the site of the highest ROS turnover in the
cell. In close proximity with this site lies the mitochondrion’s
own genomic material, the mtDNA. Human mtDNA is a
16,559-bp circular double-stranded molecule of which
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several copies exist per cell. As mitochondria do not exhibit
any repair mechanisms to remove bulky DNA lesions,
although they do exhibit a base excision repair mechanism
and repair mechanisms against oxidative damage, the
mutation frequency for mtDNA is approximately 50-fold
higher than that of nuclear DNA. In addition, mtDNA
lacks histones, which further increases its susceptibility to
oxidative stress-induced damage (reviewed in (Berneburg
et al., 2000)).
mtDNA encodes 13 essential components of the ETC, 22
transfer RNAs, and two ribosomal RNAs involved in their
translation. As a consequence, mutations in mtDNA can
interfere with mitochondrial physiology and result in cellular
dysfunction. mtDNA mutations include point mutations as
well as large-scale deletions. So far, more than 100 point
mutations associated with a heterogeneous spectrum of
pathological abnormalities have been described (McKenzie
et al., 2004). Deletions of mtDNA are found in a number of
mitochondrial disorders that occur sporadically, or are
inherited maternally or in a Mendelian fashion. The best-
known mitochondrial disease associated with large-scale
deletions is the Kearns-Sayre syndrome (KSS). KSS is a
sporadical disease, which is clinically characterized by
progressive ptosis, external ophthalmoplegia, skeletal muscle
weakness, retinopathy, cardiac conduction defects, and brain
damage (Poulton et al., 1989).
In addition to their role in degenerative diseases, mtDNA
mutations also play a causative role in normal aging.
Accordingly, in many postreplicative tissues, it has been
observed that mtDNA mutations accumulate with age,
accompanied by a decline in mitochondrial function
(Wallace, 1992; Ames et al., 1995; Richter, 1995). A
cause–effect relationship between mtDNA mutagenesis and
premature aging is strongly suggested by studies that use
mtDNA mutator mice (Trifunovic et al., 2004; Kujoth et al.,
2005). In these animal models, the generation of mtDNA
point mutations causes a premature aging phenotype. In
humans, recent studies suggest that large-scale deletions, but
probably not point mutations, of the mitochondrial genome
are causally involved in UV radiation-induced photoaging of
the skin (Krutmann and Gilchrest, 2006).
UV-INDUCED MITOCHONDRIAL DNA DELETIONS IN
PHOTOAGING OF SKIN
Photoaged skin is characterized by increased numbers of
large-scale deletions in the mitochondrial genome (Yang
et al., 1994, 1995; Berneburg et al., 1997; Birch-Machin
et al., 1998). Intraindividual comparison studies have shown
that the so-called common deletion, a 4,977-bp deletion of
mtDNA, is increased by up to 10-fold in photoaged skin
compared with sun-protected skin in the same individuals
(Berneburg et al., 1997). The amount of the common deletion
in human skin does not correlate with chronological aging
(Koch et al., 2001), and it has therefore been suggested that
mtDNA mutations such as this are of particular relevance in
photoaging. This concept is supported by the following
observations: (i) repetitive, sublethal exposures to UVA
radiation, at doses that may be acquired during a regular
summer holiday, induce deletions of mtDNA, including the
common deletion, in cultured primary human skin fibro-
blasts, in a singlet oxygen-dependent manner (Berneburg
et al., 1999); (ii) this in vitro UV-induced generation of the
common deletion in skin fibroblasts was associated not only
with a decrease in mitochondrial function, but also with an
upregulation of the collagen-degrading enzyme, matrix
metalloproteinase 1 (MMP-1) (Berneburg et al., 2000); (iii)
corresponding in vivo studies have shown that repetitive
exposure three times daily of previously unirradiated human
buttock skin for a total of 2 weeks to physiological doses of
UVA radiation leads to an approximately 40% increase in the
levels of the common deletion in the dermal, but not the
epidermal, compartment of irradiated skin (Berneburg et al.,
2004); (iv) similarly, once weekly use of the sunbed for 3
months is associated with a significant increase in the amount
of the common deletion in the skin of healthy human
volunteers, who had not used sunbeds before (Reimann et al.,
2008); (v) the UV-induced mtDNA deletions persist at
increased levels for several years, and in some individuals,
they increase further (up to 32-fold) in earlier irradiated skin,
even in the absence of additional UV exposure (Berneburg
et al., 2004).
The latter observation might be the consequence of clonal
expansion of mtDNA mutation-carrying cells (Nekhaeva
et al., 2002). Alternatively, the presence of UV-induced
mtDNA deletions may lead to a defective respiratory chain
and thereby to an increased ROS production, which in a
vicious cycle, allow mtDNA mutagenesis, independent of the
inducing agent (Balaban et al., 2005; Krutmann and
Gilchrest, 2006). It is the characteristic of vicious cycles that
they evolve at ever-increasing speed. Thus, an increase in the
common deletion up to 32-fold, independent of UV
exposure, may represent in vivo evidence for the presence
of this cycle in human skin.
Regardless of the underlying mechanism, that is, clonal
expansion versus a vicious cycle, the fact is that chronic UV
exposure leads to increased levels of mtDNA deletions in
human skin. Given the great importance of the integrity of the
mitochondrial genome for proper mitochondrial function, it is
tempting to speculate that the presence of mtDNA deletions
in the dermal compartment of the human skin translates into
UVB
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Figure 1. Penetration of UVB, UVA, and IRA (near infrared) into the human
skin. Whereas UVB is mainly absorbed in the epidermis, UVA and IRA reach
the dermis and directly affect the dermal fibroblasts.
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structural and functional consequences, which cause pre-
mature aging at the organ level, that is, photoaging.
This hypothesis is supported by a number of recent studies.
In general, the assessment of the functional consequences of
UV radiation-induced mtDNA mutagenesis is hampered by
the difficulty of discriminating between pathological
changes, which occur as a consequence of UV-induced
mtDNA mutagenesis, and those which occur independently,
for example, as a consequence of UV-induced signaling
cascades that do not require mtDNA mutagenesis as a trigger
(Berneburg et al., 2005). In an attempt to overcome this
difficulty, phenocopies of cells bearing large-scale deletions
of mtDNA have been generated by gradually depleting
mtDNA from unirradiated human skin fibroblasts (Schroeder
et al., 2008a). In these cells, increased expression of MMP-1
without a concomitant change in the expression of the tissue-
specific inhibitor of metalloproteinase (TIMP)-1 as well as
decreased expression of collagen type-1 a´-1, which is the
dominant gene involved in collagen de novo synthesis, was
observed. This altered gene expression pattern is reminiscent
of photoaged skin (Fisher et al., 1996, 1997, 1998, 2002) and
consistent with the assumption that the presence of large-
scale deletions in mtDNA in human dermal fibroblasts causes
a gene expression pattern, which at a functional level could
lead to a rarification of collagen fibers in the surrounding
extracellular matrix and thereby to skin wrinkle formation,
that is, a clinical hallmark of photoaged human skin
(Krutmann and Gilchrest, 2006). Interestingly, this altered
gene expression pattern in skin fibroblasts, which had been
partially depleted of mtDNA, resulted from intracellular,
mitochondria-derived oxidative stress (Schroeder et al.,
2008a).
The above-mentioned studies exclusively used a mono-
layer of cultured cells and did not allow definitive conclu-
sions about the interaction of mtDNA deletion-carrying skin
fibroblasts and the surrounding extracellular matrix. There-
fore, in a second, independent experimental approach,
human dermal skin equivalent models were generated by
seeding primary human dermal fibroblasts into collagen gels.
Normally, the fibroblasts contract the collagen gels within 48
hours and then start to reorganize these gels by forming a
dermal equivalent, which closely resembles living human
dermis, which is characterized by a balance between
collagen de novo synthesis and collagen degradation, and
which can be maintained in culture for several weeks (Bosca
et al., 1988; Xu et al., 1998; Bernerd et al., 2005; Marionnet
et al., 2006; Mildner et al., 2006). In these studies, cells that
were matched for donor age, site of biopsy, and passage
number, were used. They were derived either from KSS
patients, who constitutively carry large amounts of the UV-
inducible common deletion, or from normal human volun-
teers. In this three-dimensional organotypic model system,
the following observations were made: (i) KSS fibroblasts (in
comparison with normal skin fibroblasts) contracted the gels
faster and more strongly, and this contraction difference was
because of increased mitochondrial ROS production and a
subsequent increase in the activity of lysyl oxidase, an
enzyme required for the crosslinking of collagen fibers (and
thus contraction of collagen gels) (Majora et al., 2007); (ii)
even more important, at later time points when the collagen
gels had been reorganized, dermal skin equivalents contain-
ing KSS fibroblasts showed increased expression of genes,
which are thought to be involved in photoaging of human
skin (Krutmann et al., unpublished observations). Accord-
ingly, 1 to 4-week-old human dermal equivalents containing
KSS skin fibroblasts (in comparison with dermal equivalents,
which had been generated with normal human skin
fibroblasts) were characterized by increased mRNA and
protein expression for the collagen-degrading enzyme, MMP-
1, with no upregulation of TIMP-1. This increased expression
was of functional relevance, because collagen fibers were
greatly reduced in number and collagen degradation
fragments were present in increased amounts.
Taken together, these studies indicate that the presence of
mtDNA deletions in human skin fibroblasts transduces
structural and functional alterations into the surrounding
extracellular matrix, which are closely related to known
pathogenetic features of photoaged human skin. These
changes may not be restricted to alterations in collagen
metabolism, but may include other features of photoaged
skin as well. Accordingly, increased neovascularization in
photoaged skin has recently been shown to result from
increased expression of vascular endothelial growth factor,
and inhibition of its activity was found to greatly reduce
wrinkle formation in photoaged skin (Yano et al., 2002). It is,
therefore, of interest that KSS fibroblast-containing dermal
skin equivalents showed strong and long-lasting vascular
endothelial growth factor upregulation compared with
organotypic skin cultures based on normal fibroblasts
(Krutmann et al., unpublished observations).
Taken together, these studies strongly imply that the
presence of mtDNA deletions in human skin fibroblasts alters
the gene expression pattern of these cells, which, in turn,
transduces structural and functional alterations in the dermal,
and possibly also in the epidermal compartments of the skin,
which, in concert, leads to photoaging. This concept implies
the presence of a signaling pathway, which is retrograde in
nature, because it is directed from the mitochondria to the
nucleus, as opposed to anterograde signaling from the
nucleus to other parts of the cell (Butow and Avadhani,
2004). The individual components of this mtDNA deletion-
triggered retrograde signaling pathway in human skin
fibroblasts are not yet known, but, at least, in the two model
systems mentioned above, intramitochondrial generation of
ROS seems to be involved. A critical role of mitochondria-
derived ROS would also be in line with independent
observations showing increased intramitochondrial ROS
production in human dermal fibroblasts in vivo in photoaged
human skin (Dr GJ Fischer, personal communication).
RETROGRADE MITOCHONDRIAL SIGNALING IN
IRA-INDUCED PHOTOAGING
Retrograde mitochondrial signaling was recently also found
to play a critical role in photoaging induced by IRA radiation.
These studies differ from those discussed above, because they
do not require repetitive exposure to generate mtDNA
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deletions, but, instead, are based on single exposure
protocols. Specifically, within the last 5 years, it has been
shown unambiguously that a single exposure to IRA
radiation, similar to single irradiation with UVB or UVA
radiation, disturbs the balance between MMP-1 and TIMP-1
in cultured primary human fibroblasts (Schieke et al., 2002)
and in human skin in vivo (Schroeder and Krutmann, 2008;
Schroeder et al., 2008c), that is, MMP-1 expression and
activity are upregulated without a concomitant change in
TIMP-1 (reviewed in (Schroeder et al., 2008b). In addition,
single exposures, with all three types of radiation, decrease
the expression of genes involved in the collagen de novo
synthesis, such as COL1A1 (Buechner et al., 2008). These IRA
effects are most likely of clinical relevance, because animal
studies have identified skin photoaging as a functional
outcome of chronic IR exposure (Kligman, 1982; Kim et al.,
2005). Thus, IRA, UVB, and UVA all exert similar effects on
the gene expression pattern of human skin fibroblasts. It is,
however, important to note that the underlying signaling
pathways differ completely. This conclusion is based on the
following observations: (i) single exposure to IRA, but not to
UVA or UVB radiation, causes intramitochondrial generation
of ROS in primary human skin fibroblasts (Schauen et al.,
2007; Schroeder et al., 2007); (ii) treatment of primary human
skin fibroblasts with a mitochondrially targeted antioxidant
inhibits IRA-, but not UVB- or UVA-induced MMP-1
expression (Schroeder et al., 2007); (iii) chemical inhibition
of the mitochondrial ETC inhibits the IRA, but not the UVB or
UVA, radiation-induced signaling response (Schroeder et al.,
2007); and (iv) skin fibroblasts with a low respiratory activity
show an increased resistance, and fibroblasts with an
increased respiratory activity show enhanced sensitivity to
IRA-, but not UVB- or UVA-induced signaling (Schroeder
et al., 2007). These observations are consistent with a model
in which IRA radiation is absorbed by constituents of the
mitochondrial ETC, such as the copper atom in complex IV of
the respiratory chain (Karu et al., 2001, 2004). As a
consequence, the electron flow along the complexes of the
respiratory chain would be disturbed and ROS would leak
out from the ETC (Schroeder et al., 2007) into the
mitochondrial matrix. Through yet unknown signaling steps
this ROS-generated signal would then be transferred through
the mitochondrial membrane and reach the cytoplasm of the
fibroblasts, where it could ultimately lead to mitogen-
activated protein kinase activation (Schieke et al., 2002,
2003) and subsequently to altered nuclear transcription of
genes, such as MMP-1 or COL1A1 (Schieke et al., 2002;
Buechner et al., 2008). In support of this concept is the recent
description of signal transduction mechanisms between the
mitochondrial ETC and the mitochondrial permeability
transition pore (Wang et al., 2008).
THE DEFECTIVE POWERHOUSE MODEL OF PREMATURE
SKIN AGING
On the basis of the studies described above, we propose here
the ‘‘Defective Powerhouse Model of Cutaneous Aging’’
(Figure 2). In human dermal fibroblasts, the persistence of
UV-induced mtDNA deletions (insert, left side) or the IRA
radiation-induced disturbance of the electron flow of the
mitochondrial respiratory chain (insert, right side) leads to
inadequate energy production, that is, the defective power-
house. As a consequence, retrograde mitochondrial signaling
processes are being initiated, which change the gene
expression pattern of dermal fibroblasts in a way that disturbs
collagen metabolism, induces neovascularization, and which
may also be responsible for other features of photoaged skin,
for example, the development of an inflammatory infiltrate
(dermatoheliosis). The intradermal presence of the defective
powerhouse and the resulting chronic oxidative stress could
also explain the presence of oxidized proteins in the upper
part of the dermis of photoaged skin (Sander et al., 2002). We
envision that the dermal defective powerhouse also impacts
on the epidermis and accounts, at least in part, for epidermal
changes typically found in photoaged human skin (Thiele
et al., 2006). Our model thus integrates a major part of the
current knowledge as it concerns the molecular, cellular,
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Figure 2. Defective Powerhouse Model of cutaneous aging. UVA and IRA
(near infrared) through different mechanisms lead to the disruption of the
mitochondrial function (‘‘Defective powerhouse’’), which results in the
changes in the dermal compartment of the skin and leads to photoaging.
Insert/lower panel: Repetitive UVA irradiation results in the increased
formation of large-scale deletions of mtDNA (left). In addition, even a single
dose of IRA leads to a disruption of the mitochondrial electron transport chain
(right). Both events cause an increased production of ROS (reactive oxygen
species) and thereby initiate retrograde signaling responses.
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structural, and functional alterations that characterize photo-
aged human skin. It reconciles the concept about the
importance of altered collagen metabolism for photoaging
of human skin proposed earlier (Fisher et al., 1997). It is
unique in offering an explanation for the chronic nature of the
photoaging process. We would like to emphasize that our
model does not exclude the possibility that UV radiation
directly, without the induction of mtDNA deletions, causes
functional and structural alterations within the epidermis, and
less so to the dermis, by triggering signaling pathways that
originate from the nuclear, cytoplasmic, or cell membrane
compartment of skin cells (Fisher et al., 1997; Stege et al.,
2000; Fritsche et al., 2007), and which contribute to
premature skin aging. In a sense, the defective powerhouse
model thus complements concepts proposed earlier, which
are based on the direct elicitation of signaling pathways by
UV radiation (reviewed in (Rittie et al., 2006)).
CLINICAL IMPLICATIONS FOR THE PREVENTION AND
TREATMENT OF PHOTOAGING
The model described above is of direct clinical relevance
because it implies that mitochondrially targeted intervention
strategies would be highly efficient in the prevention and/or
treatment of photoaging of the skin. We have, therefore,
developed a research program, which aims to restore the
proper ‘‘powerhouse’’, that is, the mitochondrial function.
This approach includes the development/identification of
substances, which protect (Schroeder et al., 2008c) or restore
mitochondrial integrity (PCT/EP2008/005587), or interfere
with signaling pathways that result from detrimental retro-
grade signaling pathways.
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